The syntheses of seven N -aryl-C,C-dialkoxycarbonylnitrones 1-7, six of which were original, were achieved from the appropriate aryl-nitroso compounds. These ketonitrones were found to trap efficiently carbon-centred free radicals in aqueous media, yielding stable aminoxyl radicals whose EPR spectra lasted several days. The two penta-deuterated compounds 6 and 7 were also found to be efficient at trapping methoxyl radical. Their various spin adducts showed simple three line signals, very sensitive to the polarity of the environment. This study represents the very first use of linear ketonitrones as spin traps.
Introduction
The spin trapping technique is a powerful tool, enabling the detection of short-lived free radicals in a wide variety of chemical or biological systems [1] [2] [3] [4] . In this method, a transient free radical adds to a trapping agent to form a persistent adduct capable of being identified by conventional electron paramagnetic resonance (EPR) spectroscopy [1] [2] [3] [4] [5] . Nitrones and nitroso compounds are commonly used traps, the resulting adduct being a nitroxide, i.e. an aminoxyl radical, in both cases. The merits and drawbacks of these two kinds of spin traps have been reviewed many times and will not be listed at length here [1] [2] [3] [4] [5] [6] . Nitroso compounds have an advantage over nitrones in that the addend is directly bound to the nitrogen, thereby yielding additional hyperfine couplings. However, they are toxic, both thermally and photochemically labile, and the life time of their oxygen-centred radical adducts is often exceedingly short. This is the reason why nitrones are generally preferred, notably for biological applications.
Scheme 1 Spin trapping of a free radical Y
• by an aldonitrone (R 1 = H) or by a ketonitrone (R 1 = H), and structure of the commonly used spin traps DMPO and PBN.
Ketonitrones have been essentially employed as synthetic tools, for example in 1,3-dipolar addition reactions [7] [8] [9] [10] [11] [12] [13] [14] [15] . On the other hand, a survey of the literature data shows that only a few cyclic ketonitrones have been used in spin trapping experiments [16] [17] [18] [19] [20] [21] [22] [23] , while no linear nitrone has ever been employed as spin trapping agent. This is all the more remarkable since many aldonitrones, derived from either 5,5-dimethyl-3,4-dihydro-2H-pyrrole N -oxide (DMPO) or (Z)-benzylidene(tert-butyl)azane oxide (PBN) have been widely used to detect free radicals in every kind of media [1] [2] [3] [4] [5] [24] [25] [26] . This is partly due to the difficulty encountered in the preparation of these compounds, most of the methods commonly used to prepare aldonitrones being not transposable to the synthesis of ketonitrones [7] [8] [9] [10] [11] [12] [13] [14] 27] . In addition, when ketonitrones are used as spin trapping agents, the identification of the addend from the adduct EPR spectra is less easy than in the case of spin adducts of aldonitrones, because of the lack of hyperfine coupling between the unpaired electron and a hydrogen nucleus in the β-position towards the nitrogen [5, [16] [17] [18] [19] [20] [21] [22] [23] . Note however that the combination of separation techniques and other analytical methods, such as HPLC and mass spectrometry, with spin trapping could provide additional information on the structure of the radical trapped [28] [29] [30] , which should generate a renewal of interest for ketonitrone spin traps. This consideration prompted us to prepare the series of N -aryl-C,C-dialkoxycarbonylnitrones 1-7. Their reactivity towards free radicals was also surveyed by employing these compounds in a few spin trapping experiments. Our very first results are presented herein.
Experimental section

General
All chemicals and solvents were purchased from either Sigma-Aldrich or Acros Organics Chemical Companies. Enzymes were obtained from Boerhinger Mannheim Co. The solvents were of the highest grade of purity commercially available, and used without further purification. Tri-distilled water was used to prepare aqueous media for spin trapping experiments. Buffer solutions were stirred for 4 hours in the presence of a chelating acid resin (4 g dm −3 ) in order to remove trace metal impurities. Nitrosobenzene and N ,N -dimethyl-4-nitrosoaniline were commercially available, while the other N -aryl-nitroso compounds were prepared after methods described previously [31] [32] [33] .
Synthesis
The preparation of the dimethyl [oxido(phenyl)imino]malonate 1 was realized according to the procedure described by Tomioka et al. [15] ]. The other N -aryl-C, C-dialkoxycarbonylnitrones 2-7 were prepared following an analogous pathway, as described hereafter. Sodium hydroxide (30 mmol were performed at room temperature in capillary tubes by using a computer-controlled Bruker EMX spectrometer operating at X-band with 100 kHz modulation frequency. For the various spin adducts, hyperfine coupling constants were determined by EPR signal simulation using the computer program elaborated by Duling [34] .
Results and discussion
Synthesis
To date, a wide variety of PBN-type nitrones have been prepared in almost quantitative yields by condensation of an appropriate carbonyl compound with a N -substituted hydroxylamine [35] [36] [37] [38] [39] . However, it is well known that this method is generally not transposable to the preparation of ketonitrones [7] [8] [9] [10] [11] [12] [13] [14] . In their work concerning 1,3-dipolar cycloaddition reactions of ketonitrones, Tomioka et al. [15] described a synthesis of 1, used as starting compound in the preparation of indolines and indoles of biological interest. We felt it could be interesting to adapt their procedure to the preparation of 2-7.
Actually, these new ketonitrones should be considered as interesting new synthetic intermediates according to their potential reactivity towards nucleophiles or alkynes. They could also present applications in spin trapping chemistry. Reaction of NaOH on a dialkylmalonate gave the corresponding carbanion, which immediately added to the N -aryl nitroso compound. Bromide anion spontaneously eliminated, affording the various N -aryl-C, C-dialkoxycarbonylnitrones. The general synthesis pathway is outlined in scheme 2.
Changing hydrogen atoms for various groups on the starting aryl-nitroso compound obviously affected the synthesis efficiency. Thus, comparing the yields of 1 and 2 with those of 6 and 7 shows a harmful isotopic effect. When R 3 was an electron donating group, increasing the conjugation in the starting aryl-nitroso compound greatly diminished its reactivity. This clearly appeared in the preparation of 3 and 5. Note that the synthesis yield was not greatly modified when R 3 was an electron withdrawing group (see synthesis yield of 4). When R 3 was a hydroxyl group, the synthesis yield fell to zero. Despite this, Scheme 2 General pathway for the synthesis of ketonitrones 1-7 tested in spin trapping experiments. the simple and general one-pot synthetic procedure used afforded the ketonitrones 1-7 in reasonable yields, as indicated in Table 1 .
Spin trapping experiments
The capacity of 1-7 to act as spin trapping agents was studied by generating free radicals in their presence in aqueous media. In order to simplify the notation, the aminoxyl obtained by trapping a free radical X • by the nitrone n will be noted n/ • X. For example,
1/
• CH 2 OH represents the hydroxymethyl radical spin adduct of 1.
In a first step, we focused on the reactivity of 1 towards carbon-centred radicals in pH 7.2 phosphate buffer. Since our main purpose was to rapidly assess the capacity of this compound to act as spin trap, only two different free radicals, i.e.
• recorded. Their simulation yielded the hyperfine coupling constants (hfccs) given in Table 2. Whatever the radical trapped, the EPR spectrum recorded was always complicated by the presence of hyperfine couplings of the unpaired electron with the nitrogen nucleus (a N ) and with the five aromatic hydrogen nuclei (a Harom ; 2 H in meta positions, and 3 H in ortho and para positions). As an example, the EPR spectrum of 1/ • CH 2 OH has been reproduced in Figure 1a , along with its superimposed simulation. It consists in three main lines, resulting from the hyperfine coupling with the nitrogen, greatly broadened because of unresolved couplings with aromatic hydrogen nuclei. Using the nitrone 2 instead of 1 as spin trapping agent led to analogous results, and the values determined for its spin adducts are given in Table 2 . Note that oxygen removal by argon bubbling permitted to reveal the hyperfine couplings with the aromatic hydrogen nuclei, as shown in Figure 1b in the case of 2/ • CH(CH 3 )OH. The same kinds of results were also obtained when hydroxy-methyl and 1-hydroxy-ethyl radicals were generated in the presence of the ketonitrones 3-5 (see Table 2 ). In each case, the corresponding spin adduct was easily formed and showed an EPR spectrum which lasted several days at neutral pH. This high nitroxide stability is due to the lack of a β-hydrogen, precluding a nitroxide disproportionation reaction which ordinarily intervene in the decay of spin adducts of aldonitrones.
Note that the presence of various substituting groups in meta and para positions on the aromatic moiety did not prevent the trapping reaction from happening. In addition, this permitted to obtain simpler and/or narrower EPR spectra by reducing the hyperfine couplings with aromatic hydrogen nuclei. However, it is worth mentioning that less intense EPR spectra where recorded when either • CH 2 OH or • CH(CH 3 )OH were produced in the presence of 3. It seems then that the presence of the para-dimethylamino group could either hamper the trapping reaction or accelerate the spin adduct decay. Overall, these first results clearly showed that the ketonitrones 1-5 were able to scavenge carbon-centred free radicals, thereby giving rise to EPR detectable spin adducts. This confirms that ketonitrones showing the general structure drawn in scheme 2 could present interesting applications in the field of free radical detection. However, either the complexity of the EPR spectra recorded or the broadness of their lines could act as a brake upon the potential applications of these new spin traps. This is more particularly evident in the case of the N -phenyl substituted ketonitrones 1 and 2, their spin adduct spectra showing many hyperfine couplings. This prompted us to prepare 6 and 7, the penta-deuterated analogues of 1 and 2, and to use them in a wider series of spin trapping experiments. The ketonitrone 6 was thus found efficient at trapping carbon-centred radicals, yielding very persistent spin adducts. It also gave an intense spin adduct spectrum after trapping the methoxyl radical. Yet, attempts to trap superoxide using 6 in aqueous media were never successful. Similarly, when hydroxyl radical was produced in the presence of 6 in buffer, only a very weak three line EPR signal (a N = 12.6 G) was observed. In all the other cases, the EPR spectra recorded were very intense an easily analysed. They showed three narrow lines only, due to the sole hyperfine coupling between the unpaired electron and the nitrogen nucleus. To illustrate the improvement of the adduct spectra generated by using deuterated spin traps, the signals of 1/
• CH 2 OH and of 6/ • CH 2 OH are given in Figure 1a and 1c, respectively. Since the same kind of results have been obtained when 7 was used instead of 6, they will not be described at length here. For both 6 and 7, the hfcc a N was found lower for the methoxyl radical adduct than for carbon-centered radical adducts. For instance, a N value was evaluated to 12.55 G for 6/ • CH 3 and fell to 11.67 G for 6/ • OCH 3 . Note also that, generally speaking, a N was found to vary significantly with the polarity of the medium. The stable spin adduct 6/ • CH 2 OH sets a good example of this sensitivity to the environment. In this case, a N was evaluated to 11.06 G, 11.20 G and 11.40 G in pentane, methanol and dichloromethane, respectively. Moreover, the EPR spectrum of this adduct was recorded in a methanol/water medium, by increasing the methanol ratio from 1 to 100 %. As can be seen from Figure 2 , the hfcc a N , determined after computer simulation of the signal, was thus found to decrease linearly from 12.0 G to 11.2 G. Though the variation of a N with the medium polarity is not unusual [5, 40] , its amplitude is rather high. By comparison, the EPR signal of the adduct PBN/ • CH 2 OH shows an a N value decreasing from 16.0 G in water to 15.6 G in 100 % methanol [41, 42] . These results indicate that the stable spin adducts obtained by trapping a carbon-centered radical on a N -aryl-C,C-dialkoxycarbonylnitrone could be interesting probes to determine the polarity of the environment. 
Conclusions
The method used in this work allowed us to obtain seven N -aryl-C,C-dialkoxycarbonylnitrones, six of which were original, in reasonable yields. The versatility of the synthesis pathway would permit to prepare a much wider range of nitrones in this series, bearing different functional groups and showing various properties, e.g. as regards their lipophilicity or their resistance towards oxidative or reducing agents. For example, it could be possible to prepare N -aryl-ketonitrones that could be covalently linked to natural or synthetic macromolecules, or able to cross biological membranes and enter the cells. As other ketonitrones, these compounds could be interesting tools in more complex synthesis, though the purpose of this work was just to rapidly assess their reactivity towards free radicals. In this regard, we have shown that compounds 1-5 were efficient at trapping hydroxymethyl and 1-hydroxyethyl radicals in aqueous media, thereby yielding very persistent or stable nitroxides. These spin adducts gave intense but complex EPR spectra, showing either many lines or very broad lines due to hyperfine couplings with aromatic hydrogen nuclei. Using the penta-deuterated ketonitrones 6 and 7 led to spin adducts with simpler EPR spectra, because of the lack of aromatic hydrogen. These two compounds also trapped efficiently methyl and methoxyl radicals, though attempts to trap hydroxyl and superoxide radicals using 6 or 7 were not successful. Whatever the radical trapped, the various adducts of both 6 and 7 showed only three narrow line EPR spectra, due to the sole hyperfine coupling with the nitrogen nucleus. For each nitrone, the hfcc a N was found to be lower for the methoxyl radical adduct than for carbon-centred radical adducts. It seems then that a N could be characteristic of the kind of radical trapped. Moreover, a N was found to be very sensitive to the medium polarity. The ketonitrones 6 and 7 could thus be interesting spin trapping agents in heterogeneous media, allowing an easy localization of the spin adduct. It follows from these results that N -aryl-ketonitrones could present many interesting applications in various fields, and notably in organic synthesis and in spin trapping chemistry. This work represents the very first use of linear ketonitrones as spin trapping agents. Further studies are in progress in order to explore more deeply some of their potential applications.
